Introduction
Syntheses of super-swelling hydrogels continue to be a fascinating field. 1, 2 Courtesy: a diverse array of applications, ranging from water retention hygiene products, space-suits, surgical wipes to artificial vegetation, controlled release of drugs 15 and pesticides and beyond. Synthesis of such hydrogels involves two key steps: cross-linking of the polymer and blowing or aeration of the cross-linked polymeric network to facilitate waterretention by the polymeric network. In the wake of green chemical requirements, design of a reagent that is bi-functional 20 and can hence both cross-link and aerate the network would be a welcome step forward. Supramolecular Thermo Aero-able Gelators (from here onward abbreviated as STAGs) like tartaric acid (used as L-tartaric acid), urea and guanidine (used as guanidinium chloride), reported here is a step forward in that 25 direction. [Here onwards they are abbreviated as TA, U and GD respectively.] They are bi-functional. They incorporate two functional facets -of cross-linking and aerating -in the guise of one molecule. This work aims to exploit aspects of supramolecular cross-linking and thermal degradation mediated 30 aeration under one tenet of the molecules that are welldocumented in the literature and thus prompted the choice of STAGs. In fact, GD is used here to compare and contrast the STAG activity of the other two molecules, TA and U. GD has more stable thermal profile than the other two but shares the 35 supramolecular hydrogen bonding capacity like that of TA and U and hence can act as a comparative standard for the other STAGs. The concept of supramolecular cross-linking is well-known in the literature. For instance, bis-thymine units have been used to supramolecularly cross-link diamino-pyridine functionalized co-40 polymers forming thermo-responsive gels. 3 Stimuli-responsive metallo-supramolecular polymers, 4 switchable hydrogels, 5 supramolecular cross-linked C 60 tagged with polymers for enhanced mechanical properties have also been reported recently. 6, 7 Supramolecular cross-linking for encapsulation of used as obtained without further purification. 60g deionized water and 2g sodium hydrogen sulfite were added into a reactor, and the mixture was stirred until all the sodium hydrogen sulfite was dissolved. The reactor with the contents then was slowly heated in an oil-bath and the temperature was raised to 60 o C. Later a 5 mixture of 20g acrylic acid, 0.2g ammonium peroxydisulfate and 20mL deionized water was mixed and was fed into the reactor containing 60g deionized water and 2g sodium hydrogen sulfite by dropping the whole contents over 40 minutes. The reactor with the contents was stirred at 60 o C for another 1.5 hours. Later the 10 reactor was cooled and the polyacrylic acid so obtained was used further for the swelling and the cross-linking experiments as described in the text. Here onward polyacrylic acid is referred to as PAA. 15 
Swelling experiments
The prepared PAA polymer in this experiment is used as a starting material for synthesis of supramolecularly cross-linked hydrogels. 4 g of prepared polymer (PAA) was mixed with a 20 range of different concentrations (5% -55% w/w) of TA, U and GD. The STAGs (TA, U, and GD) were added as solids to the PAA solution prepared. The upper limit of this mixing was dictated by the physical ability of the polymeric solution in water to dissolve the STAGs. After mixing, the mixture was heated to 25 150 o C for 30 minutes in an oven with continuous air-flow. The resulting dry-material was taken out and was subjected to various analyses, including the equilibrium swelling experiments. 14 The equilibrium swelling experiments were carried out by using each time 0.5 g (say, W 1 g) of the heated, dried, crushed and sieved 30 polymeric materials (grain size ca. 100µm) by allowing it to swell at 37 o C in a buffer solution of pH 6 for 5 days. The use of buffer solution is to avoid the effects of ionization of PAA on swelling. After swelling was complete, the sample was dried in air and weighed again (W 2 g). The ratio of W 2 /W 1 was taken as the 35 equilibrium swelling ratio, represented from here onwards as Q.
Spectroscopy and microscopy experiments
FTIR spectra reported in this study were recorded as KBr pellets 40 with a Nicolet 380 FT-IR spectrometer in the range of 4000-500 cm -1 . SEM images were acquired by Hitachi Tabletop Microscope, Model No. TM3000. 1 
Size exclusion chromatography experiments
Size exclusion chromatography was carried out using tetrahydrofuran (THF) as the mobile phase with Waters 717 Autosampler and Waters 2410 refractive index detector. The 65 number average molecular weight (M n ) and polydispersity index (PDI) of the synthesized PAA was obtained using this method. The PDI of the synthesized PAA was found to be less than 1.2. 70 The xerogels were obtained by freeze-drying the corresponding hydrogels in an Eyela FDU 1000 freeze drier at a temperature of -60 o C for 5 hours.
Preparation of xerogels for X-ray diffraction experiments
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X-ray diffraction experiments
The XRD patterns were obtained by Rigaku (mini flex II, Japan), using CuK α radiation having an incident wavelength of 1.541 Å operating under a voltage of 30 kV and a current of 50 mA. The 80 scan rate was 12 o /minute.
Optical diattenuance and retardance experiments
In order to augment the structural investigation of the hydrogels 85 we further undertook diattenuation and retardance study. Here we describe very briefly how the polarization properties of light scattered from samples may give additional micro-structural functional information on complex molecular anisotropy/organization. This information is otherwise hidden in 90 polarization blind light scattering-based measurements. In conventional polarimetry, the polarization information is quantified in terms of the conventionally defined degree of polarization of light. Performing simple measurements of copolarized and crossed-polarized light intensity using a given input 95 polarization state of incident light as standard or by recording selected Stokes vector elements such measurements are done (4 × 1 intensity vector describing the polarization state of light, defined afterwards). 15 Such semi-quantitative information so obtained on the polarization properties of the sample are then 100 extracted by employing empirical formulations on the selected polarimetry measurements. Simpler traditional polarimetry analyses are though suitable for optically clear media, complexities arise when several polarization events are exhibited in the sample simultaneously. It is even more complicated when 105 the probe in question itself scatters light as is the case for the given PAA and PAA-STAG hydrogels investigated in this study. 16 Simultaneous superposition of several polarization effects lead to a complex interrelation that therefore represent several lumped effects with much inter-element cross talk. This 110 masks potentially interesting polarization metrics and hinders their unique interpretation. Hence for extraction, quantification and unique interpretation of individual, intrinsic polarimetry effects of such complex systems, like the hydrogels in question, a more quantifiable and generally applicable technique is thus 115 required. One such method is Mueller matrix decomposition approach, which aims to solve this problem. This method extracts constituent polarization properties from a given 'lumped' system's Mueller matrix of any unknown complex system (summarized below). We use this methodology to analyze PAA and PAA-STAGs hydrogels in this question. As model systems 5 PAA, PAA-STAG-TA and PAA-STAG-U were used and their structures in microscopic domains determined using this method. Since this method is novel we describe Mueller matrix formulation in the context of Stokes vectors a bit more in details, since understanding is needed to analyze these structural 10 investigations.
The interaction of polarized light with any medium can be well described either via Jones or Stokes -Mueller matrix algebra. 15, 16 The latter is preferred while dealing with polarization losses (depolarizing interactions). Such a situation has been encountered 15 in our samples as they are all scattering media. In the Stokes -Mueller formalism, the polarization state of light is represented by four measurable quantities (intensities). These are known as the Stokes parameters. 15, 16 
(2) where S i and S o stand for the output and the input Stokes vectors of the light, respectively. The medium's polarization properties are encoded in the above sixteen elements of the 4 × 4 real 40 Mueller matrix M. This matrix can thus be thought of as the complete 'optical polarization fingerprint' of a sample. 15, 16 In the following section we describe how inverse polarimetry analysis is performed using decomposition of Mueller matrix.
Decomposition of Mueller matrix aims to solve the inverse 45 problem. In other words it extracts constituent polarization properties from a given 'lumped' system Mueller matrix of any other unknown complex system. The method consists of decomposing the given Mueller matrix M into a product of three 'basis' matrices, (equation 3), 16 -18
symbol is used to signify the decomposition process. Here, the matrix M ∆ describes the depolarizing effects of the medium. M R takes care of the effects of linear and circular 55 retardance (or optical rotation). On the other hand, M D includes the effects of linear and circular diattenuation. Now using the known forms of these 'basis' matrices, the measured M can be decomposed. Such decomposition is done through a series of manipulations into the three 'basis' matrices. This product 60 decomposition process was developed by Lu and Chipman for optically clear media. 17 Recently this method has been extended to encompass several complex scattering media exhibiting simultaneous multiple polarization and scattering effects. 16, 18 The ability of this 65 approach to delineate individual intrinsic polarimetry characteristics is also validated on such composite systems. Moreover complex turbid media such as biological tissues have also been structurally investigated using this method. Once calculated, the constituent basis matrices are further analyzed to 70 obtain individual polarization medium properties. Specifically, d, ∆, δ, and circular retardance or optical rotation (ψ, circular retardance = 2×optical rotation), are determined from the decomposed basis matrices. The magnitude of diattenuation (d) is determined from M D using the following relation, [16] [17] [18] ,
and
The details of our experimental spectral Mueller matrix polarimetry system used for this study have been reported previously elsewhere. 19 Here we summarize the experimental setup that was used for these measurements. 
Results and Discussions
Analyzing effect of STAGs on swelling, molecular weights and cross-linking density 40 Both these experiments clearly indicate the influence of TA, U and GD on swelling patterns and MWs of the polymeric materials synthesized. The highest Q for pure PAA was 1.25 whereas that of with TA was 16.4, with U, 3.0 and with GD was ca.1. The 45 above observations indicate the efficacy of STAGs in crosslinking. It is further observed that Q values also altered with a change in the concentration of the STAGs. (Fig 2a) In case of TA it is observed that Q increases to a maximum at 5% (w/w) TA (or 0.033 mole-fraction of TA, from here onwards written as x TA ) 50 whereas in case of U the maximum is reached at 10% (w/w) U (or 0.166 by mole-fraction of U, from here onwards written as x U ). x TA and x U represent the optimum mole-fraction of TA and U STAG respectively for maximum swelling. The overall trend of variation of swelling ratio (Q) with concentration of STAGs in 55 both the cases of TA and U shows a 'ʌ' type trend, i.e., from low mole-fraction of TA and U, Q increases and reaches a maximum till x TA and x U and then tails off to a low Q as TA and U molefraction is further increased. GD in general shows a decrease in the Q value with an increase in concentration. Likewise, the MWs 60 of the polymeric materials cross-linked by TA, U and GD showed correspondingly similar patterns. For instance, the MW of the pure PAA synthesized is 5.3 kDa, whereas those of PAA with TA (at x TA ), U (at x U ), at points of highest Qs or maximum swelling are 18.6 and 13.9 kDa respectively. With GD on the other hand 65 MW, at almost all mole-fractions, is constant ca. 14.3 kDa, consistent with our observation of an almost constant Q value at various mole-fractions. Now it is perhaps apt to analyze the results a bit more closely. To do so, we first wanted to find the M c (the MW of the polymeric units between two successive cross-70 links) using the respective M n and cross-linker densities using the following equations (8) & (9). 20
Here, M n implies the number averaged MW of the polymer before cross-linking, ʋ and ʋ w specific volumes of the polymer 80 (1.22 g. cm -3 ) and that of water (1 g. cm -3 ), φ, the volume fraction of the polymer in swollen state, χ, the interaction parameter is used as 0.45 for PAA-water. 20 Hence from the Q values and using the above relations it is possible to calculate M c , the molecular weight between cross-links and the results have been plotted. 85 ( Fig. 2b) . It is observed that the M c in case of TA cross-linked PAA increases till x TA to ca. 8.7 kDa and then gradually decreases to 7 kDa at higher STAG TA concentration (>x TA ). 
Correlation of thermal weight-loss of PAA polymers with swelling and its implication
To find a clear effect, we studied the weight loss of the STAG 25 network polymers in thermal decomposition studies and wanted to find a correlation of the weight loss with the Q so we heated the respective STAG-networks under air emulating synthetic conditions in thermogravimmetric analysis (TGA) experiments and calculated the weight losses ( 30 processing temperature as given in the synthesis i.e., 150 synthesis and experiments for details.) ( Fig. 2d we find that although there is a clear correlation (equation This correlation shows in addition to weight there is another constant contribution to swelling. We attribute that other contribution to supramolecular cross denote that contribution as Q c . These results imply that for effective swelling there is interplay of two f 
PAA-STAG-network and its implication
To find a clear effect, we studied the weight loss of the STAG network polymers in thermal decomposition studies and wanted to find a correlation of the weight loss with the Q values. To do networks under air-flow emulating synthetic conditions in thermogravimmetric analysis (TGA) experiments and calculated the weight losses (∆W) at the essing temperature as given in the synthesis i.e., 150 o C. (See . 2d) From this study we find that although there is a clear correlation (equation 11 W) with swelling (or Q values) for STAG networks, in case of GD there is no such weight loss. This observation in turn means GD is thermally inert and cannot aerate the network under the prevalent synthetic conditions. Being thermally stable GD can only act as a GD network becomes linked and hence insoluble or 'impermeable' to the incumbent water molecules. Such a factor leads to very low Q values for GD-PAA network. On the other hand in case of TA and U-STAGs network W) of the networks at 150 o C in flow and swelling (Q values) show a 2d)
weight-loss (∆W) factor there is another constant contribution to swelling. We attribute that other contribution to supramolecular cross-linking and . These results imply that for effective swelling there is interplay of two factors, viz., linking and thermal aeration. An optimum contribution of both factors lead to maximum swelling. This optimum interplay is achieved by variation of the concentrations STAGs. Moreover on a as to be a constitutional level heterogeneity in disposition of TA and U hydrogels to effect such variation of swelling as a function of their concentration. We speculate there are two types of U and TA: hydrogen-bonded and hence thermally stable TA and U, and non-hydrogen bonded and thus thermally labile TA and U in the 85 network interstices. At lower concentrations or mole U (<x U ) and TA (<x TA ) the non network interstices are depleted and the hydrogen bonded STAGs cross-link, till x U or x TA where the effect of thermal aeration and cross-linking reaches a synergetic maximum and yields highest 90 swelling (or Q values). Beyond this concentration the effect of STAGs in cross-linking outweighs that of thermal aeration. This is because the available volume in the network interstices is limited and much lesser in number than the available hydrogen bonding sites of the entire network and hence the STAG 95 tightens leading to a reduction in the overall Q value. This furthermore explains the 'ʌ' type trend in the matter of variation of Q, M c and ρ x values with concentration in cases of TA and U STAGs. (Fig. 2) 
Thermal aeration from microscopic investigations
The effect of thermal aeration is also visible from SEM studies where we observe clear craters left open or porous structure formed in course of aeration in TA and U STAG networks whereas no such effect is observed in the pristine PAA network or the GD-PAA network vindicating our pr 110 a non-hydrogen bonding thermothe corresponding STAG networks. images of PAA-STAG-TA and PAA thermal decomposition of non STAGs that leads to the evolution of gases like 115 CO 2 , and NH 3 respectively. 21,22 non-hydrogen bonded TA, U, at 150 turn increases the swelling ratios (Q) of the corresponding hydrogels. However for GD, the 'aero which is also reflected in the non 120 STAG-GD. On the other hand, GD' formation is rather high. Hence GD acts cross-linker among the STAGs and GD shows lowest swelling ratio Moreover it may be mentioned that at the processing temperature 125 though inter-and intra-molecular condensation and chain transfer reactions in prime PAA network fractions of TA, U and GD used as STAG. (Note: the values of the mole fraction have been variation for the PAA cross-linked linked with STAGs according to equation W in %) from TGA values of various STAG crossin disposition of TA and U-STAGs in the hydrogels to effect such variation of swelling as a function of their concentration. We speculate there are two types of U and onded and hence thermally stable TA and U, and hydrogen bonded and thus thermally labile TA and U in the network interstices. At lower concentrations or mole-fractions of ) the non-hydrogen bonded STAGs in pleted and the hydrogen bonded STAGs where the effect of thermal aeration and linking reaches a synergetic maximum and yields highest swelling (or Q values). Beyond this concentration the effect of tweighs that of thermal aeration. This is because the available volume in the network interstices is limited and much lesser in number than the available hydrogen bonding sites of the entire network and hence the STAG-network n in the overall Q value. This ' type trend in the matter of variation values with concentration in cases of TA and U-
ion is also visible from SEM studies where we observe clear craters left open or porous structure formed in course of aeration in TA and U STAG networks whereas no such effect is observed in the pristine PAA network PAA network vindicating our proposal of presence of -aero-able TA and U fractions in the corresponding STAG networks. Such pores seen in the SEM TA and PAA-STAG-U are due to the non-hydrogen bonded TA and U to the evolution of gases like water vapour, CO, (Fig. 3 ) Decomposition of such TA, U, at 150 o C creating voids/craters, in turn increases the swelling ratios (Q) of the corresponding or GD, the 'aero-ability' is minimum, non-porous SEM image of the PAA-GD's capacity for hydrogen bond formation is rather high. Hence GD acts only as a supramolecular ker among the STAGs and correspondingly PAA-STAGswelling ratio among all the hydrogels. Moreover it may be mentioned that at the processing temperature molecular condensation and chain transfer network cannot be ruled out, such changes would affect all the STAG-networked PAA and pure PAA similarly and hence would not influence STAGs activity as reported here. 
Electronic absorption spectroscopy (EAS) on hydrogels & its
influence in diattenuance studies 110 The hydrogels investigated in our study did not show appreciable absorption in the wavelength range 500 -750 nm ( Fig. 6 ) and thus the latter effect i.e., scattering, reflection and transmission of light through organized layered structure is expected to be the dominant contributor to the observed diattenuation of the samples. Their electronic absorption spectra are given below. The rather sharp increase in intensity below 300 nm is indicative of scattering by the hydrogel as mentioned above. anisotropic micro-domains inside those PAA-STAG-TA and U hydrogels. (ii) As mentioned earlier, diattenuation in these hydrogels primarily originate from their layered structures. Thus reduction of the magnitude of diattenuation in the U and TA added hydrogels indicates that the layers in these two hydrogels 35 are organized in a more relaxed fashion and the layers are thus expected to be more separated in both these gels as compared to the pure PAA or the one with guanidinium hydrogel.
On the dynamics of microstructure of PAA-STAGs from 40 variable temperature 1 H NMR spectroscopy VT 1 H NMR studies were undertaken to observe the change in dynamics in the microstructure of the PAA-STAG hydrogels. In all cases the acquisition is difficult due to gelation. However 45 following features are discerned and are explained here. In all the 4 cases of the gelled samples, viz., PAA, PAA-STAG-TA, PAA-STAG-U, PAA-STAG-GD, there is a very strong peak around 4.8 ppm (Fig. 7) . This is attributed to the free water in the gel. 23 The peaks around 2 ppm is attributed to the methine and methylene 50 protons of PAA. 23 The peak around 2 ppm at 20 o C is rather broad. This implies that the sample is totally hydrated. The heavy hydration leads to high mobility of the PAA chains in all the cases and leads to peak broadening. However, on heating the peak sharpens and narrows down. This implies dehydration. Such 55 dehydration results in a decrease of the mobility of the PAA chains. This results in an increase in the dipolar interaction between PAA main chain protons and hence leads to sharpening of the peaks. This feature is uniform in all the cases. The black arrow shows the sharpening of the peak corresponding to methylene protons with increasing temperature.
80
On supramolecular cross-linking by STAGs from FTIR spectroscopy
The probes were also investigated by FTIR spectroscopy in dried 85 state. Distinct differences in spectral signatures were observed between the starting PAA and PAA-STAG networks implying effective supramolecular cross-linking in the latter. In all cases, the PAA-STAG networks showed a blue shift in the spectral signature of the carboxylate, amide or imine bonds, implying a 90 stiffening of the corresponding bonds due to hydrogen bonding in the PAA-STAG networks ( Fig. 8 and Fig. 9 ). More precisely, in case of TA cross-linked PAA it is observed that a single intense peak is observed at 1620 cm -1 . 22 95 100 105 110 Fig. 8 Comparative FTIR spectra of PAA and PAA-STAG-TA. This is due to intermolecular hydrogen bonding of the C=O groups in the TA cross-linked polymer. 24 It is further interesting to note that the stretching frequencies of the intramolecularly hydrogen bonded C=O at 1645 cm -1 in case of both pristine PAA and that of 1645 cm -1 in TA are blue shifted to 1620 cm -1 in the PAA networked with TA STAGs. The above shifts thereby show the presence of a more rigid hydrogen bonded/supramolecularly 5 connected network. 24 Moreover the asymmetric stretching vibration of COOin the pure PAA at 1570 cm -1 disappears due to cross-linking in all PAA-STAG networks. This is because such stretching modes are not allowed in a network. Likewise the reduction in intensity of the peak at 1708 cm -1 corresponding to 10 not hydrogen bonded CO and COOstretch in PAA is reduced in case of PAA-STAG-TA. This implies that in case of the PAA-STAG-TA, the carboxylate group is not free but is supramolecularly linked to another species, i.e., TA. Similar patterns of shifts in stretching frequencies follow from U and GD 15 cross-linked PAA. For instance in case of (free) U we observe a H-free NH stretching vibration at 3450 cm -1 and an amide I band at 1640 cm -1 along with a δ NH vibration at 1450 cm -1 . In the U STAG PAA, it is observed that a blue-shifted NH stretching band appears at 3250 cm -1 in addition to the other characteristic 20 spectral signatures of U and PAA. Such a blue shift stems from stiffening of the corresponding bond due to an effective crosslinking. Similarly a blue shifted amide I band at 1620 cm -1 is also observed in the PAA-cross-linked U in addition to a blue-shifted δ NH vibration at 1384 cm -1 . (Fig. 9 ) These shifts imply that there 25 is an effective hydrogen bonding/supramolecular cross-linking by U in the U STAG PAA-network. Similar spectroscopic evidences are obtained for GD as well. 
Conclusions
50
To summarize: we have shown here that it is possible to synthesize supramolecularly cross-linked polymeric hydrogels (PAA-based) using STAGs like TA and U. The GD on the other hand being an efficient supramolecular cross-linker and thermally 55 rather stable forms a highly cross-linked insoluble polymeric network with very low swelling in water. GD in this study acts as a contrasting reagent to show the efficiency of STAGs like TA and U. The STAGs reported here can reduce significantly the cost of hydrogel-production and are in a sense greener alternative to 60 the existing routes as they are bi-functional and hence alleviate the need of two separate components (cross-linking and blowing). The authors thank Dr. Nirmalya Ghosh and Jalpa Soni of the Department of Physical Sciences, IISER-Kolkata for their help with optical diattenuance and retardance studies. The authors 
